
,., T
April 23, 1996

ATMOSPIIERIC  ANGU1.AR MOM1iNTIJM H .lJCTIJATIONS IN GI.ODA1 .
CII<CUI.A”l’ION MODR1.S  l)lJl<l N(i ‘1’IIE PIN101I  1979-1988

by

R. llidelJ~
J. O. Dickey and S. 1.. Marcusl
R. 1). Rosen and D. A. Salstcin2

1 Space Geodetic Scicncc  and Applications Group
Jet Propulsion laboratory,
California institute of Technology,
4800 Oak Grove Drive
Pasaclcna,  California 91109-8099, lJSA.
‘I’cl: 818-354-3235; Fax: 818-393-6890

2 Atnlosphcric and Iinvironnmnta]  Research ]llC. (AIR)
840 Memorial Drive
Cambridge, Massachuse.t[.s 02139, lJSA.
Tel: 617-547-6207; I/ax: 617-661-6479

3 Department of Physics (Atmospheric, Oceanic and Planetary
Physics)
University of Oxford
Clarcnclon  Laboratory, Parks Road,
Oxford OX 1 3PU Englancl, UK.
Tel: 0-1865-272086; I/ax: 0-1865-272924

Submitted to JG1<-Al]]lcJs]~l]crcs



.

F ,,9.

March 18. 1996

A13STRACT

Changes in major global dynamical phenomena in the Earth’s atmosphere arc manifested in

the time series of atmospheric angular momentum (AAM), as dctermine(l directly from

meteorological observations and indirectly from geodetic observations of sm:~ll fluclua[lo[ls

in the rotation of the solid Earth [hat arc proportional to length of day (1.01)). AAh4

fluctuations arc intimately linked with energetic processes througboul  the whole  a(mospherc.

and also with the stresses at the Earth’s surface produced largely by’ turbulen  ( moment urn

transport in the oceanic and continental bounclary layers ami by the action of normal pressure

forces on orographic features. A stringent test of any numerical global circulation mo;ici

(GCM) is therefore provided by a quantitative assessment of its abiiity  to rcprc.sent AAM

fluctuations on all relevant time scaies,  ranging from months to several years. I:rom monthly

(iata provided by the Atmospheric Model ]ntcrcomparison  Project (Ahll  P) of ti~e W’orlci

Climate Research Programmc  (WCRP),  we have investigated seasonai anti in[crannua]

fluctuations and the cieca(ial  mean in the axiai component of AAM in 23 Ah41P GCMS over

ti~c pcric)d 1979-1988. The decadal means arc gcncraily well simuiate(i, with (I1c mode]

median value ( 1.58 x 10z~) kg m2 s-l) being oniy 3.5% larger than the obsc. rvc.(i mean and

with 10 of the models being within 5% of the observed. The seasonal cvclc  is well

1-cprociuccd,  with the median amplitude of the mocicls’ seasonal standmxi (deviations being

only 2.49’o larger than obscrvc(i. lialf the seasonal amplitudes lie within 15% of Iile observc(i

and (he median correlation found bctwccn  tile  observed and mode] seasonal cycics  is 0.95.

The dominant scasonai error is an uncicrcstimation  of AAM during northern hcmispiwre

winter associated with errors in the position of subtropical jets, less robust arc the modc]e(i

intcrannual  variations, though the median correlation of 0.61 between mo(iei simulation an(i

observed AAM is statistically significant ~’he two ];1 Nifio-Southern [Jsciiia[ion  (I~NSO)

events that occurred during the AMIP dccacie  1979-1988 have the cxpcctc(i  positive A AM

anomalies though the AAM signature of the 1982-1983 event tends to be L]rl(icrestil]]:i[ed,  an(i

that of the 1986-1987 event overestimate(i.
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1. IN’I’ROIIUCTION

l’he Earth’s atmosphere super-rotates relative to the uncicrlyins planet such that. if

transferred to the solid Earth below, the angular lnornentum  associated with this super -

rotaticm would reduce the length  of the day (1.011)  by around 3 milliseconds. Clcodc[ic

observations going back several decades reveal irregular 1.01) fluctuations of up to about

1 INS on interannua], seasonal and intraseasonal time scales (see Fig. 1), and cictailed

studies using modern meteorological and geodetic data have established tha!

r—— —— ———.—...—..——
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these fluctuations are largely of meteorological origin (for reviews, sec IIide :ind I)ickey,

199 1; Rosen, 1993; Dickey 1993; Eubanks, 1993 and references (herein). Fluctuations in

the equatorial components of atmospheric angular morncntum (see Appendix A) are

associated with non-axisymmc(ric  features of the global atmospheric circulation and

make a substantial cxmtribulion  to polar motion (the observed wobble of the rotation axis

of tllc solid Earth with respect to geographical coordinates) on sub-dccadal  time scales,

On clcc.acia]  anti longer time scales [Iiig. 1 (b)], the dominant forcing is clue to Ilon -

nm(corolog,ica]  agencies, inducting angular nlonmntum  exchange between I{ar[h’s liquid

metallic core and the overly  ins solid man[]c and “spin-orbit” couplin:,  bctwccn  liar[h ;ind

Moon l:irgcly associated with tidal friction in tllc oceans. “1’hc angular Inomcn[um  of the

occ:ins is not well determined owing to the paucity of data; however, fluctuations in

magnitLldc  in their axial component arc no mmc than 10% of those of the axial

conlJmnent  of AAM (hereafter used as :in abbreviation for the axi:il  component of

atmospheric angular momentum) with which this paper is concerned.

The task of improving the performance of numerical mmicls of ti]c atmospimre by

i(icntifying  and corrcctins  weaknesses in tllcir formulation rcql[ircs sys[cmatic  metho(is

for tc.sting model  performance. ‘J’hc inclusion of ciiagllostics  bascci on ana]yscs and
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forecasts of AAM offers several advan(agcs.  The mc)st obvious is the unique oppmuni[y

it provides, in principle al leas[, for compal ing on a clear-cu[ physical basis the ou[put of

a global quantity from the models with observations that are. completely independen~ of

meteorological data, namely those of short-term fluctuations in the 1.01>. The axial

torques at the Earth’s surface responsible for meteorologically-induced fluctuations in the

l;arth’s rotation are produced by (a) tangential stresses in turbulent bounclary  layer-s and

(b) normal (pressure) stresses acting on

transmitted directly to the solid 13arth eve]

oceans.

Secondly, considerations of AAM

irregular topography. These stresses are

continental regions and indirectly over the

fluctuations bear directly on fundamcnta]

aspects of the energetic of the global atmos~)heric  circulation and cannot be separated

from them. In t}le absence of energy sources, the atmosphere would rotate  with (he solid

Earth like a rigid body (i.e., no winds), fol this would be a state of minimun~ kinetic

energy of the whole system for a given total angu)ar nlomentum,  Ilifferentia]  solar

heating proc~uces  atmospheric winds, tllc kinc[ic  energy of which derives from the

:ivai]able potential energy of the atmosphere (associated with gravity acting  on the

dcnsi[y field maintained by the heating) through the action of vertical motions. Angular

nmmen{um  is thereby redistributed without any change occurring in the total anmunt  in

[hc whole system (since solar heating produces no net torque) but with an increase in the

[ola] kil)etic  energy. A substantial contribution lc) this energy  is associated with ‘super-

rotat ic)n’ of the atnlospherc at an average azimuthal  wind speed U (say) Of about 7 ms- 1,

namely ~ M(J2 if M is the total mass of the atn)osphcrc,  Observed fluctuations in AAM
.

amount to a considerable fraction of the nxxin Af{JR in magnitude (where R is the mean

radius of the solicl Earth), ~oncomitant  fluctuations in the kinetic cnmgy associa(c(i  with

ttlc supc]-rotation  alnourrt  to a considerable. fraction of the mean ~ M U2. IIy energy

conservation arguments, tksc. can only be ploduccd

non]incar  interactions between I}JC zoJla] wind field,

4
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field of available. potential energy in the atmosphere. Successful models of the g]obal

circulation c)f the atmosphere must of course represent these interactions correctly. (I:or

fur(her details see. Bell et al., 1991.)

Thanks to the First GARP Global Experirncnt  (FGGli) of the Global Atmospheric

Research Programme (GARP) it became possible to obtain useful d:iily  determinations of

the total AAM for comparison with geodetic dal:i on 1.01) variations [Ilide cl al.. 1980].

Manifold subsequent developments following this early work include practical

arrangements for producing and disse]ninating routine daily or more frequent

determinations not only of the axial component of the AAM vector but also of (he

equatorial components [Barnes et al., 1983; Salstein  ef al., 1993]. These dctcrmina(ions

(see Appendix A, equations A7 to A9) are now made from analysis (and in some cases

also from forecast) fields by several meteorological centers, namely  the European Ccntrc

for Meciiun~-Range  Weather Forecasts (E{CMWF), Japanese Meteorological Agency

(JMA), United Kingdom Meteorological Office (UKMO), and United States National

Meteorological Center (NMC, recently renamed National Ccn[crs for Iir~\’ircJnlllellt;tl

l’rediction, NCEP).  Plans are now in hand at some centers for producins  routine

determinations of surface torques, which will supplement

diagnostic stuciics.

The ambitious Atmospheric Model ll]lcrcollll~:irisc)ll

the AAM data and facilitate

l’rojcc( (AM]]’) of the WoIld

Climate Research Programme  (WCRP) is one of the main activities initi:ilcd  by ihc

WCRP’S Working Group on Numerical Iixpcrimcntation  (WGNIi) in its efforts to rcflnt

atmospheric models and improve their ability to produce. useful  forecasts of changes in

weather and climate [Gates, 1992]. Thirty atmospheric modeling groups coopcra(c

unselfishly in AMIP, together with more t}]:in twenty groups engaged in di:ignostics

subpl-ejects of AMIP conccrntxi  with the thorough testing of models by ]ncans of

quantitative intercomparisons of their abili~y  to rcpro(iucc various aspects of the behavior

of the atmosphere. our efforts in the alnlosphcr’ic  angular nlomentum ciiagnoslics

5
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subproject  of AMIP bear directly on the cxtc.nl to which ?.onal  winds and the exchange of

angular momentum between the atmosphere and the underlying planet are rcprescntcd

correctly by the models being tested.

Specific dynamical phenomena produce strong signatures in obserfcd  AAM

fluctuations and the study of the angular momentum balance of the Earth-a~rnosphere-

ocean system is relevant to many climate dynamics issues. Earth relation variations

provide a unique and truly global measure of changes in the atmosphere, oceans. and

cryosphere, on time scales ranging from clays to centuries. The variation of AAM has

now been convincingly linked to sub-decaclal  changes in the length-of-day down to time”

scales of about a week [IXckey e~ al., 1992.]. The axial component of the total A AM

shows a characteristic seasonal variation and pronounced ‘broad-band’ intraseasonal

fluctuations [Figs. 1(d) and (c)]. oscillations on intrascasonal  time scales, includins,  [hose

related to the Madden-Julian oscillation, have been shown to involve AAM chanses

propagating within the tropics [Anderson :ind Rosen, 1983],  with contributions from

orographical ly-forced  oscillations in the extratropics [IJickcy et al., 1991 and Marcus cl

al., 1994]. The accurate characterization of the seasonal AAM cycle involves the whole

atmosphere from 1000 to 1 mb, with stratosphcr]c  winds making a significilnt

contribution [Rosen and Salstein,  1985; and IJickey C( al. , 1994].

1.011 and AAM also cx}libit  intcrannua]  variations, on quasi-biennia] and quasi-

quadrennia]  time scales [Chao, 1984, 1988,  1989; D]ckcy Cl al., 1992, 1994; I{ Uballk\  [’1

al., 1986; Jordi et ~J1. , 1995; and Salstein  and Rosen, 19W-SCC Fig. 1 (c)]. Well-corrclalcd

with ENSC)  events, these are associated with large-scale z,onal-wind  anomalies which

appear to propagale  from tropical to extra-tropical regions [Dickey e~ al. , 1992; Salstein

ct al., 1993]. Tcleconncctions  be,twccn different latitude bands have been discovered ir~

AAM data on these time scales, providins  ilisig,hts into the global structure of intcrannual

climate variations [I)ickey er CJ1., 1992; Salstein cl al., 1993: and Marcus and Ilickcy,

1994]. lndeecl,  much progress has been maclc  during the past twenty yc:irs with the

6
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investigation of AAM fluctuations on sub-ckadal  time scales. important nmv results can

be expected from future studies, including nunlerical  simulations of AAM fluc~ualicms  on

decadal  and longer time scales. Such studies, in addition to their intrinsic interest in

meteorology and oceanography, will indirectly facilitate investigations of angular

n~ornrmtum exchange between the F.arth’s liquid rnctallic  outer core and overlying mant IC

and other non-meteorological processes which, though  cvidcnt]y  rclativel>’  Llllilllpor’(ill)l

on sub-decada] time scales in the excitation of irregular fluctua[ioris in the liarth>s

rotation, play dominant roles on longer time scales.

‘l-he data used and methodology employed in our study are outlined in Section 2,

setting the sccnc for the axial AAM intercornparisons  of dccadal  rncans ancl on seasonal

and interannual  time scales, presented and summarized in Section 3 and 4. In the future

work it will be important 10 investigate the extent to which atmospheric models can

reproduce fluctuations in the equatorial cojn~jorwnts  of atmospheric anxular  nmnlcntum.

‘1’hesc cxcitc  measurable nmvemcnts in the Iiarth’s pole of rotation cm sub-decaclal  time

scales, inciuding  a Chand]erian  free wobble with a period of 14 months (see Appendix

A).

2. I)ATA ANI) MI;TllODOl,OGY

a. observed  values of angular momentum

“1’hc most complete series of AAh4 and zonal wind flclds generally available fol

I1]C AM]]’ decade  ( 1979-1988) are those producecl  operationally ‘by the NMC.

(comparisons of the NMC AAM series with one from the IiCMWli [Rosen C[ al., 198”/;

Rosen, 1993; Dickey cr a/., 1993] indicalc  t}lat  the differences bctwccn  the two series arc

so small that wc can confidently usc either for wilidating  the AMI}’  model results. LIp [o

twice-daily values of imnal-lncan z.onal  wind [/(] from the NMC have been archived on a

~ fc) latitlldc  grid at standard-..

monthly nman fields of [u] by

pressure le.vcls between 1000” and 50 mb. We crcatc(i

av~ragjrlg  a]] dat:i available within  c:icll  ca]cnda  I month

-1
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during 1979-1988. These fields were then used to create a monthly series of the relative

angular momentum (M’t’) of the atmosphere about the polar axis by applying equation

(A 13) and evaluating

(2.1)

In addition to the global  M’t’ values, we also computed the relative angular

n~omcnturn of the atmosphere in each of 46 equal-area belts ( m~~)”) over the gdohe to help

isolate regional sources of model errors in (m~)w>). As explained by Rosen and Salstein

[1983], the number of belts is dictated by the 2.5° latitude resolution of [he NM(

analyses and the constraint that all belts should have the same area as that between the

equator and 2.5°N. The latitudinal boundaries of the resulting 46 belts arc listed by Rosen

and Salstein  [ 1983].  Within each belt, ml,)t’ is given by

(2.2)

where 4) runs bctwccn  the southern and nortlmm houndarics  of belt b. in evaluating this

exprc.ssion  numerically, care was taken to ensure thal ~nl,j” = M“ is satisfied each
4(} k’11.

n]ontll. Although the crca~ion  of m~~’” V:IIUCS  prccludcs  consicicration  of val-iabi]itv  within

a vertical col LInln,  the results of Rosen and S:ilstcin [ 1983] suggesl  thal such variability is

often more coherent than that in the meridional direction. “1’o maintain a manageably -

siy,ed regions] data set, therefore, we feel it sufficient 10 limit the bulk of our i]”ltra-g]obii]

analyses here to m~l’”.

b. Mode.] values of angular momentum

Monthly mean yalues  of [u] were available

as par~ of the standard  output  archived by AMI1’

8

from 29 GCMS a( the time of writing

Gates, 1992]. All hut 5 of the G(’Ms
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include pressure levels up to 50 mb, and these 5 models were eliminated from furthcl-

considcraticm  to maintain consistency with the depth of the atmosphere in the Nh4C’

observations. J By the same token, levels above 50 mb that may have been available for an

AMIP model are disregarded here. The moclcl values of [u] are given on twfo-dinmnsional

latitude-pressure grids whose resolutions vary from model to model. To simplif~

computations, however, wc interpolated al] model outpu( to the same 2.5° latitude grid as

the NMC observations, although we retained each model’s archived distribution of

pressure levels when computing M~v and m I;”.

Model results shown }lere are identified by the acronyms defined by Gates [ 1992],

as updated by Phillips [ 1994] (see Table 1 ).2 The latter report sumrnarims  the major

characteristics of each AMIP model, and no attempt to reproduce that information in any

detail is made here, It is clear from this documentation, however, that the set of AM II’

models is heterogeneous, embodying a wide range of choices in resolution and physical

parameteri~,ations;  hence  an assumption that the relatively small sample of M}” values

availab]c  to us is drawn from a statistically normal population is not justiflc.d.  We,

(hercfore,  avoid using the mean and standard deviation as measures of central tendency

and spread, rcspcctivcly,  of the distributiml of moclcl  M}” values. lnstcad, wc usc the

mcxlian  and the inter-quartile range (lQR) dcscribcd  by I.anz.ante [ 1996] for these

statistics. The 10R is sinlply  the Ciifference  dcflncd  by the upper quartile  Ininlls the ]owcr

c]uartile  of values  in the distribution; i.e., il measures the distance spaJlncd by the l]~iddlc

half of the distribution. An advantage of tllc IQR is that il is re]alivcly  resistant to the

prescncc of large outliers, unlike the standard clcviation. l;or a Gaussi:in  distribution,

howevc~.  the two statistics arc rclatccl:  in this case the lQR is 1.349 times the stanc]ard

deviation [1 .armantc,  1996].
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c. Temporal decomposition

Rosen  et al. [ 1991b]  and Ilide  and I)ickey [ 1991] illustrate that the temporal

variability in the Earth-atmosphere system can be usefully separated into three frequency

bands: intraseasona], seasonal, and interannual. A decomposition for l13D, which also

experiences substantial decadal  variability due to core-mantle interaction, is shown in

h’ig. 1. ‘1’he seasonal cycle is by fdr the dominant sub-dccadal  signal, being -1 ms in peak

to peak amplitude and typically explaining, more than 75% of the variance in the total

series [see Fig,. 1(a)]. Hence, our inability to consider intraseasonal  variations in M}” here

[Fig. l(e)] because of the monthly mean rcscdution of the AMIF’ standard output is no~

overly limiting. To define the seasonal conlpc}nent  of each of the model aJId observed M}’”

series, we first removed their decadal means, i.e., the average of the 120 monthly values

for 1979-1988, and then averaged (he 10 values for each calendar month. An interannual

component, which is considerably smaller than the annual signature, is formed by

averaging the monlhly  values in each of the 40 “seasons” during the decade, beginning

with January-March 1979, and sub(ractin:  from this series the dec:idal  mean sc:ison:tl

cycle. Although this “in(erannual”  component includes some higher (non-seasonal)

frcqlicncy  variability, wc will sce that the bulk of its variance is from time sc:ilcs lo”ngcJ’

than a year. Hence the term “intei-annwil” is appropriate for this component.

in the next section, wc compare the dccadal  mc:in, sc:tsonal,  :ind intcr:innual

components of the 23 model M)t’ series with the. c)bservcd components obtained from the

NMC ai~alyscs.  As noted above, the accuracy of the NMC analyses is not ii signific:tnt

issue here; the differences found among  the. mode] ?@t’ series arc typically  much ]Zllgcl”

than the uncertainty in the observed series.

3. 1<1:s1)1 .3’s

“1’ime series of M)” for e:ich  of the 23 Ah411’ models are. shown in I:igure 2 (solid lines)

10
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Figure 2 near here

and are contrasted with M“ determined from tllc operational NM(; analysis (dashed lines)

and that inferred from geodetic data (ciottccl  lines). The dbscrved  AAM and 1.OD track

each other wi~h a high degree of fidelity, although the amplitude of the annual and

interannual  components of the. observed AAM are somewha[  under-estimated rclali~re  10

the LOL), partly because of neglect  of the atmosphere above S(hnb [Rosen and Salstein.

1985 and Dickey el al., 1994]. The overall agreement between the simlllatcd and

observed results is fairly good, but significant biases arc found in some cases, with

several models showing values which are consistcnt]y  higher or lower than the observed

A AM (note that 1.01>  cannot be used to infel the time-averaged value of A AM, since its

definition includes an arbitrary reference level). The dominance of the scascmal cycle is

evident in all data sets, with amplitudes significantly less than the observed value visible

for several of the models, while grcatc.r  amplitudes arc obtained for others. On

intmmnua] time scales, the large signaturr. of the 1982-83 ENSO is clearly seen in both

[he A AM and 10D time series. This signal is well-captured by several of the models, bul

not by others. I’hese broad findings are evident in the following detailed ir~terc{]r~~i~arisor~s

of the dccadal  mean AAM and AAM fluctuations on seasonal and intcrannual  Iilnc scales

as given by the. AMIP models ancl by operational NMC analyses

a. l)ccadal mean

‘1’he global atmosphere’s super-rotation is its mos[ striking dynamic, lon~-term

fcalurc,.  D u r i n g  t h e  AMIP  decade 1979-1988, the c)hscrvcc] mean value is

1.51 x 1020 kg m2 s -] which, if transfcr]cd  10 the underlying solicl  Iiarth would, if ~he

solid Ilarth wele perfectly rigid, rcducc  the length of the day by 2.5 ms (see equations

(A7), (A9), (A IO) and (Al 1)). Values  yie]dcd  by each of the AMII’ models  arc plotted in

l;igurc  3, along with the nmlian  and lQR of the mode] values. ‘J’hc rnodcl median M ‘“ is

11
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only 3.5% larger than the observed value with 10 of the 23 mode] values within t S% of

the observed. More significant departures from the observed value are found in other

models, 5 of which give values differing by nlorc than 15% from the observed. Included

in this group of poorer results is that from the NMC; because versions of the Nh4C model

were al the heart of the four-dimensional data assimilation system tha[ crcatcd the

validation values used here, the NMC rnodcl’s lack of success in J:igurcs 2 and 3 suggmts

that observations are indeed capable of modifying a model’s initial guess field in modern

data assimilation schemes.

Figures 2 and 3 suggest that biases ill CiCM simulations of the zonal  wind field

are not uniform, and the identification of the causes of the observed discrepancies may

not bc straightforward. The difficulties involved are evident from I;igure 4, in which the

1 Figure  4 near here 1

clccadal-mean observed [u] and the errors in [u] are shown for those modc!s  that yield,

respectively, the two largest and the two smallest values of M’i’ in Pigurc 3. Remarkably,

the meridional distribution of the bias in [u] shows wide variations, even within each

class of mocle]  errors in M)”. ‘1’bus, the main source of the large value for t]le dccadal

mean of M“ seen in (he IJCI .A nmdcl is cxccss values of [M] above 200 mb from 6(PN [[}

60°S, whereas the erroneously large NCAR value of h4’t’ ;iriscs prim: trily  from [II] errors

below 200 mb. The low valL]c of the mean M’i’ seen in the NMC mocicl rcsul~s arises from

systematically low values of [u] throu~hou( the tropics, particularly in the upper

troposphere and “lower stratosphere, whcrc:is (}1c very low value of the mean MI*’ from [he

DNM results has its source in cxtr:itmpic;i]  regions, with the tropics contribliting,  ii

positive but smaller bias.

P’or comp:irison, l;igurc 5 gives the [u]-bias ficlci for the G1.A model, wt]osc



. ,
March 1 S, 1996

——

c-

—.— —————

1

. ..-. .—. —

Figure 5 r~ar here-— —— ---

decadal-mean  M}” lies closest to that observed for 1979-1988. It appears tha~ success in

reproducing the global mean value  of M)” llced X1O[ imply similar success with [he

decadal-mean  [M] field, for the magnitude of the [u] biases cvictent in Figure 5 is of the

same order as those shown in Figure 4 for the outlier  M’i’ simulations. Iividently,  fol- the

G1.A model at least, the goocl performance for decadal-mean  M}” arises from [he

cancellation among regional biases in [M] of opposite sign, biases which in

locations are comparable to the observed value of [~~] there (cf. Figure 4a). ‘1’he

weighted) mean absolute error jn [u] for the G1,A field in Figure 5 is ?.3

many

(arca-

lllS- 1.

At 1.9 n~s-l  (IQR = 2.3-- 1.7 Ins-]),  typical values of this statistic are smaller than the

observed mean abso]utc  value of [M] in Figule 4a, 8.5 ms- ], bu~ not by so mucl] that we

can be sanguine about ~hls aspect of the perfcmnancc  of the models.

Ilxpite  the differences shown jn Flgurc 4 for [u] among an outlier silbsct  of

AMIP models, it remains of interest to quantify the similarity in model biases among  the

general population of AMIP models. To this end, wc have performed an empirical

orthogonal function (EOI:) analysis of the biases present in the set o~m~)}” values in the 46

belts for (he 23 models. Three significant modes of common variability in the belt

Inomerltunl  error Ciis[ribution  emerge (~iigurc 6) which ~ogcthcr  Cxp]ain more (hall  8-/% of

the variance in the full ensemble of n]~) ‘I’ biases. Mode 1, involving errors prin]al-ily in

northern and southern mid-to-high latitudes with a tendency for smaller, compensating

errors in the subtropics, is notable in that the weights for 19 of the models in its principal

componcn[  arc of [}lc same sign. l-?ccogniz,il~g  thal errors for a IJarlicular  mode] are often

spread across al] three. modes, the colnmonality  of bc.havior exprcsseci  by mode 1‘s

principal component ncve.r-thelcss  suggests the cxis~cnce of a shared, underlying difficulty
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in modeling the climatological,  regional distribution of angular n~onwnturn.  Mode 2

reveals a pattern in which biases in the tropics and in northern mictlati[udes  arc in

opposition, and mode 3 emphasizes bchavioI  in southern eitratropics.

b. Seasonal cycle

The seasonal cycle in AAM cicrives  from the asymmetry in [he land-ocean

distributions of the northern and southern hemispheres and the resulting diffcmnce  in the

seasonality of the two hemispheres’ subtropical jets [Rosen er al.. 1991 b]. Because the

scasona]  cycle represents the largest mocle of variability in the AAM time series, it is”

important that GCMS bc able to replicate this signal well. It is encouraging, therefore, to

see in Figure 7 that the AMIP models do tend to reproduce the behavior observed in the

1 Figure 7 near here I

climatological  monthly mean progression of &l)i’ values. It is worth noting, however, that

the moclels also exhibit a general tendency to llnclerestinmte  the ]])ilxi]]]~]Il] values

observed in December--February. lndccd,  in some models this deficiency is quite

pronounced, leading to seasonal cycles wit]] distinct maxima around  April and Noven~bcl-

instead of the observed single  broad maximun~ across December through April,

“1’hc degree to which the models share. common problems in reproducing the

observed shape of the seasonal cycle in M1~’ is rcvcalcd  by an IK)I: analysis of the modtls’

composite monthly errors (Figure 8). I’hc tendency of [k models to undcrcstimatc MM’

1:.
——.———

Figure 8 near here - - 1

during  northern winter is apparent in both of the first two ]nodes of this analysis by the

preponderance of positive  mode] weights Il)ultip]ying  ncg,ativc anonlalics in the  mocics’

time series then. The first mode in l:igure  8 captures errors in the mo(icls’ estim:ites of the

W)I)Ud  COIllJX)l KHlt  Of ~}i’, w})creas the scconc] nlc)clc captures errors in their scrnitinnual

14
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component. (The semiannual component of’ M}” is normally observed to peak in earl!

May, and its amplitude is about 80% of that of [hc annual component, which peaks  in

early February; Rosen, 1993). ‘l’he general shortcornin~ of the models in l)ecenlber-

J:e.bruary  appears to project onto a proclivity towards underestimating the annual, while

overestimating the semiannual, component of the observed seasonalitv  in M~I.

Figure  9 displays a measure of the anlp]itude  of the seasonal cycle, naInely  tlIc

c::- ‘._ —::- ::1Figure 9 rlear here

standard deviation ( oS) of the twelve composite calendar-month means of M’”, for each

AMIP model and the observed series. The median as value is only so]ne 2.4% l’al pcr than

the observed as, with nearly half of the ]nodcl  values lying within about I Scfi of the

observed. Nevertheless, nouib]c  outlicrs  also exist in Figure  9, so that the range i]] values

for OS exceeds a factor of two. There dots not appear to be. any relationship between

errors in a model’s seasonal cycle and in its dccaclal-mean  bias, with high values  of o S

hcing ccjual]y  likely to bc associated with either high m low values of (Iecadal-mean M’”

i~] l:igure 3 (and sinlilarly  for low values of oS). AISO shown in P’igurc 9 is the corlclation

coe.fficienl  (~.r)  between e:ich  model’s series of composite monthly M)” values :incl the

obscrvml series. in conjunction with 0s, the r$ s[atistic  helps provide ii more complelc

an:ilysis of the fidelity of :i mociel’s simi]lation.  Not surprisin~,ly in Iisht of IJigule  7, r,! is

gencml]y  quite large (mccliarl  = 0.95; IQR = 0.97- 0.92).

Al though the  hulk  of the observed sc:isonal  v;irjablllty in m~~)” occ~irs in
.,.

r. .- ..—
l:igilrc  10 near here . ..— —— 1

connection with the subtropical jets of e:ich hc.lnisphcrc  (J:igure 1 oa), this need not imply

thal the cnors  J>rcsent  in liigurc  9 origin:itc  Inostly there. Thcrcfol-e,  to isolalc region:il]y

the source of scason:i]  model errors in M’”, wc have. calculated for each model: ( 1 ) the

v:iriancc  in the [ii ffercnce between the conlJx)sitc  monthly me:in  values  of its belt se.rlc.s

15
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rob’+’  and the observed mb}t’ values, and (2) tllc  covariancc  between these seasonal errors in

the model belt values and the seasonal erl-ors in global  W“. normalized by (he variance in

the latter. Because the sum of the covariancc  in (2) over all 46 belts is equal  to the

variance in a model’s seasonal errors in global M)”. I}IC sum of the 46 values o! (2) for a

par-[ icular model is unity. Hence, (2) provides a convenient measure for quantifying the

contribution made by seasonal errors in various regions  to the global error. as i~’as done

by Rosen a al. [ 1991a] in connection with nlcdium-range  forecast model errors.

Errors in the models’ simulations of ml, IL’ seasonal cycles  are less spatial]}’ focused

than is the profile of the observed m b H> variance  in Figure IOa. ]ndecd,  a Jl]Ot of ( 1 ) as a

function of latitude for the 23 models is too noisy to be useful, so Figure 10b attempts to

summarize this result  by presenting a profile of the median in each belt of all the models’

seasonal belt error variances, along with tl]c lQR of t}wsc 23 numbers. The large values

of t}lc IQR in the figure, especially in the c.xtratropic.  s, attest to the strikingly wide range

of model behavior. (Note that the median values plotted in Figure 10 are determine.d

individually for each belt; the profile. dcxs not represent the be}lavior  of a si[lg]e,

“]ncdian” n]odcl.  ) The largest model errors in simulating the observed seasonal cycles  in

!ll/,}t> tclld to flank both sides of t}]c two maxima in Figure l(la, suggesting that errors in

positioning the subtropical jets Jmpcrly  arc a factor’. (In the other hand, the a)np]itude of

the laI-gcst  [ncdizin  errors in Figure 10b is considerably smaller than [hat of the observed

variance peaks in Figure 10a, suggesting that [hc models do a credible job in reproducing

the scasona]  change in (he .s/r-e/Ig[A  of the subtropical jcrs.

The fractional covariance between seasonal bell and global  n~omcntum  errors

plotted in Figure 10c indicates that, on average, the model  crmrs that contribute rnos[ to

failures in reproducing the observed seasonal cycle. in M’i” originate in the cqualormosl

pair of peaks in I;igure IOb, near 20°N and 15°S. “1’hc Imgc local errors ir~ northern

midlatituclcs  shown in Figure 10b rend not to km so important for the global  ly-il]tcgr:itc(l

error. Note again, however, the very large spread in model behavior outside the tropics
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depicted by the IQR values; for a number of rnoclels, errors poleward of the observed

positions of the subtropical jets arc indeed a nlajor  reason for problems with simulating

the seasol]ality  in M}”.

c. lntcrannual  variations

The AMIP decade encompassed two ENSO events, those of 1982-1983 ancl 1980-

1987. The former is possibly the strongest such event on record, and the notable positive

anomaly in AAM and LOD associated with it led to a resurgence of interest in low-

frequency variations in the planetary an~ular  momentum budget.  (I;or recent results and

references see Ponte .ef al., 1994, and IJickcy ct al., 1994. ) l“he signature of the two

IiNSO events during 1979-1988 AMIP period is apparent in the observed interannual  M“

anomaly series in Figure 11 as a sharp peak in early 1983 and a broader, less intense

~—” — .——. .——.  — 1

I___ ~icrure ] ] near }lerc J..— — .—
maximum from late 1986 through 1987. On average, the AMIP models reproduce the

observed interannual  anomaly series fairly well, though  less successfully Ihan in the case

of the scasona]  cycle (Figure 7). It is noteworthy that the models, as a group, tend to

underestimate the amplitude of the 1982-1983 IINSO signal in AAM bu( c)vercstima(c the

1986-1987 signal. ‘1’hc models  also miss the intensity of [he negative anomaly obscwcd

in 1984, allhougl)  they do capture the rate of cicc]inc  in M’” during 1983 fairly well.

Notably, though, the models miss even the sign of the aJ~onMly observed during  mid-

1980 through mid- 1981, which according to the NMC observations results mainly from

positive wind anomalies in (he southern hemisphere tropics (J1oI shown).

Figure 12 gives the interannua]  standard dcvia~ion  (CJI) for each mode.

L———— — -!!!ww ‘)Car k___ —.. —.-
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separately, along with the correlation coefficient (r]) between each model’s time

~. ] y)(,

cries of

40 seasonal anomalies and (he observed. I’he median va]uc of al is quite close  (o the

observed, and, as in the case of the season:tl cycle. almos[ ‘half of the model crl values  lic

within  abou( 1570 of the observed, although  in t}le inlcrannua]  case there is a no[ablc

skewness in the distribution toward low values, No relationship bctm’ecn  individua]  CJl

anti 0S va]ucs is evident in the data; t}le performance of each mode] on one linw s~il]~>

seems to be independent of its performance on the other (see Table 1 ). A striking

—.

Table 1 near here 1

difference between overall mode] performances on seasonal and intcrannual  time scales is

that r, is notably smaller than rkf. The median of rl is 0.61 with 0.66-0.49 as the

corresponding IQR value.  On t}lc basis of c;ilculations  of the autocorrclation  present in

the observed and modeled anomaly series, wc estimate that in cac}l series the number  of

degrees of freedom is about 12, implying that a value of rl greater than about 0.5 is to be

regarded as being statistically significant. Sixteen of the nmdc]s  (nearly 70%) exceed ttlis

cri[crion.

Calculations simi]:ir (o those rcJ~orlccl  in };igurc  10 for the seasonal cycle in m~,~f’

h:tvc also been performed for intcrannua]  variability in ml)}”, and these arc reprociuccci  in

l;igllre  13. q’hc m e r i d i o n a l  profi]e of mcdlan mode]  errors II) (}1c m(,)”  intetannual

r ‘--– :–Figure 13 Ilcar here— - 1

component tends to be spatially corrc]atccl  with the profile of the observe.cl  intcrannua]

variance in n~t)]+’ (Figure 13a). lJn]ikc  the ciisc for the seasonal cycle, local errors in the

intcrannl]a] n~ ~)w component m-c typically of the same order as the observed signals across

Ihc entire profi]c. Inch.xd, intcrannual  el-lors ill ml, ‘i’ :irc no[ much smaller than se. asona]

errors in m~, despite the’ disp:irity  in the aln J)]itude observed for the. two time scales.

According to Figure 13b, errors in m~, ~~’ Wit}lin 200 of the cqllator  account for 1])0S1  Of the

18



MaJch  18.1996

intcrannual  errors in A@’. In light of the relatively small values of IQR also plot[cd  in

Figure 13b, this result is rather robust across the suite of 23 AMIP models.

4. DISCUSSION ANI) SIJMMARY  OF RESU1.’i’S

here, we have presented results of a study comparing atmospheric angular momcIIIun~

(AAM) simulations by a variety of AMIP models (’l’able 1) with the Nh4C observed

values  and those inferred from geodetic data. Results from 23 Ah41P mode] runs were

considered on three distinct time scales: decadal mean, the seasonal cycle, and

intcrannual  variation, Of (he 23 models (Table 1 ), 4 scored well (being within 3 15% of

that observed) on all three time scales, 10 on two out of three, 6 on onc of the three ancl 3

performed poorly on all three time scales. 1[ should bc stressed that the GCh4 results

presented hcm rcprcsen(  “snapshots” (ea. car] y 1990s ) of model evolution that is ingoing

at the participating centers. For example., a new gravity-wave drag paralllctcriz.;~tic~tl

scheme has recently been developed at lJCl .A (Kim ancl Arakawa 1995), which shows

considerable promise for reducing the vmtcrly bias present in the LJCI.A GCM, in

corljunclion  with an envelope orography (Kim, 1996).

‘lhc decadal  mean values  of AAM were generally well-sin~ulatcd, with the Inoclcl

median value (1 .58 x 10q~) kg m~ s-l ) being or]ly 3.S% larger than the observed. ‘1’cn of

(he 23 Inodcls  produced values that arc within 5% of the observed mean; howcvcl, S of

the 23 models are more than 15c\o away fronl the observed (’1’able 1 ). I{xamina(ion  of the

ciccadal-lncan  [ 14] bias with rcspcc( to observed winds as a func(ion  of ]at]tudc  and hcighl

indica~es that contributing errors may be very diffcrcn~ in mocicls that show the same

characteristic global  anomaly (I:ig. 4). l;urthcrmorc, goocl  agreclncnt  with the observed

dccada]  mean cannot be taken tc) infer similar agreement with the observed [u) fields (l~ig.

5), as cancellation :i]llong rcgiollal  diffcrcnccs  may combine to produce a low global  bias.

An l;O1: ana]ysis pcrformccl on angular monlentum values in the. 46 belts for the ?.3

mmtcls  produccci  3 (tominan{  modes explaining  8790 of the variance. IIolh Mode 1

]g



(involving errors in the northern and southern lllid-tO-high latitudes with smaller parliall!

canceling errors in the subtropics) and Mode 2 (bias in the 3’ropics with compensating

bias in the northern midlatittrdes)  arc comnloII  to the majority of t}le moclels. indicalins

shared problems in modeling the latitudinal dis~ribution of mean angular momentum.

The seasonal cycle results from asymlnetry of the land-ocean distribution of the

northern ancl southern hemispheres, :ind is g,cncrally well-simulated in the AM]}’ models.

‘1’hc median seasonal standard deviation (o, ) value is 2.4% larger than observed, with 10

of the models being within 15% of the observed amplitude (Fig. 9 and Table 1). Four of

the five models with decadal means that do not lie within 15% of the obse.rvcd have

seasonal variations t}lat do not lie within 1590 of the observed value, suggesting that there

may be some linkage  between poor model performance on decadal means and seasonal

time scales. The correlation between observed and model seasonal cycles is quite  high,

with a n~edian  value of r~ = 0.95 (lQR = 0.97-0.92). An EOF analysis provides insight

into common seasonal errors; the first mode shows [i tendency for most models to

undcrcstimatc the annual cycle, while [he second mode largely reflects overestimates of

the semi-annual cycle (Fig. 8), both consistent with the models’ tendency to

underestimate global AAM during northern hemisphere winter. l’hc observed scason:i]

cycle in AAM is dominated by contributions from the subtropical Jets from each

hrmisphcrc  (Fig. 1 O), whose strength is g,cnc.ra]ly  well reproduced by the models. ‘1’hc

largest rcgiona]  nmdc] errors, whose seasonal variance is about an order of magnitude

smaller than the observed variance (};ig.  10), tend to border on both sides of the IWO

hemispheric maxima, indicating that errors in positioning I}lc subtropical jcls arc an issue.

l’urthcr, examination of the fractional covarizincc  bctwccn the regional and glob:il

nlomcntum errors (Fig. 10) indicates tha{ most of the seasonal M}” crl-ors  originate

equatorward  of the subtropical jc~s.

‘1’hc models’ intcr:innlia]  AAM viiri:ibility is fi~irly realistic, with the median v:i]uc

of C$ being quite C1OSC to the observccl value and [en of the model o} values lying within

20



h4aIc}l 18. IW6

.,. ,

15% of the observed. Although less robust than the seasonal cycle, the corrcla[ion

between the observed and model intcrannual  series has a statistically significant median

value of 0.61, The two ENSO events during the AMIP decacle are clearly evident;

however, accurate simulation of intensities of the AAM signatures of inc]ividual  episodes

is generally lacking, as the 1982-1983 cven[ is undcrcs[imatcd  and the 1986-S7 evcnl is

overestimated by the model consensus (l;]::. 11 ‘). I“ixamina[ion  of the l:ltillldinill erlo]

covarianee structure shows that errors within 20° of the equator account for most of the

interannual  rnismodeling  of M’t’ (Fig. 13b). No relationship is evident between errors on

interannual  and seasonal lime scales in a given model (see Table 1).

The principal objective of AMIP is to identify deficiencies in numerical models so

Ihat they can be removed, E;xcept near the equator, the thermal wind relationship based on

cluasi-gcostrophie  balance in the horizontal a[ld hydrostatic balance in the vertical rc]atcs

the vertical rate of change of horizontal wind to the local hori?,onta] gradient of potcn~ia]

density, which depends on temperature, pressure, and moisture content. In usins this

relationship to obtain a good lcaciing  approxin~ation  to the wind itself a( a general point in

(he ~itmosphcre, there is a horizontal function of integration which can be evaluated from

I}lC surface winds. It follows that any model t}lat satisfactorily rcpre.sents both (a) s~llface

winds, and (b) horizontal variations of temperature and moisture content should score

WC]] on the angular momentum assessment cal riccl out in this Jmpcr, and cwnversc]y.  lt is

Jlossib]e.,  of course, tha( models that represent angular nmmentum fluctuatiol)s well

l~]l@t, ~wll)~ (0 colnpc]]satlll~  CrrOrS, bC dO]n~ So fOr the w[’ong rc;lsons. h)r CXZilll[J]C’,

m:iny of the models participating in the AMIP can~J>aign  show cold biases in both (he

tropics and extratropics [Fiorino,  1995]; the matching sign of these temperature biases

Serve to minimize errors in the mcriodional tcmpcraturc gradicnl, Whic}l  in turn hc]ps

many of the Jnodcls to achieve realistic values for the dccada]  mean AAM.

]n any cven(, it is obvious that any modeling groups cxp]oitin~ the results

prcscntcd in this paper- s) Ioulcl in the first instance examine. those. features of t)jc Il]odcl
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that determine the pattern of surface winds and the distribution of tcn~Jwra[urc ant]

moisture within the atmosphere. Of particular importance will be parametcrizaticm

schemes for representing oceanic and continental bolmdary  ]aycrs, nlecll:lnica]

interactions of the atmosphere with orogtaphy. including drag due to the e~ci[ii[i~n of

gravity waves, and the role of moist convection and radiative processes in the

atmosphere, where the prcscncc of clouds introduces scx ious complications nolv being

studied intensively in various meteorologic] research centers.

These remarks might facilitate the usc of atmospheric angular momentum “skill

scores” in the important and by no means straightforward task of identifying deficiencies

in parame[crization  schemes used in numerical models, with a view to improving the

schemes. Much careful work will be nccdcd,  however, for a cursory inspection of skill

scores reveals no striking correlations with any of t]IC nlanifold  cljaractcris(ics  (see ~lbolle

paragraphs) of the various models used by groups participating in AMIP (cf. Phillips,

1994). In fact, no common characteristics arc shared by the four models that are

successful on all three time scales. The con~inuing  Atmospheric Model  l~ltercollll>:iris(~t~

Project will provide opportunities to pursue the necessary investigations.
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APPENDIX A: ATMOSPHERIC EXCITATION C)F
EARTII’S ROTATION VARIAI”JONS

The absolute angular momentum of the atlnosphere, a three-dimensional vector Af, =

M,(I) (where t denotes time), can be written as the sum of two terms

where

and

(A])

(A2a)

(AQt))

respectively the ‘matter’ (or pressure) and the ‘wind’ contributions to i14, . here p(.t-,, r)

and r(k(~i,l) denote the mass clcnsity ancl wincl  velocity respectively at a genera] poilll,

~ij i = 1,2,3 within the atmosphere, and (1T is ii VOIUnlC  ele.mcnt of the atmosphere, OVCI

the whole of which the volurnc  intc.gr:il  is taken.  The usual sllmmation  convention is used

for repeated suffixes, ancl E.~L is the altcrnatin::  tensor with values  O or t 1. “1’hc  frame of

]cfcrence used has its origin  at the ccntcr of Inass of the whole  Iiarth (so]ic] in[~cl  cole,

licluicl  outer  cc)re, ‘solid  I;arth’, hydrosphclc,  atmosphere) ancl is aligned with the

principal axes of incrlia  of the. ‘solicl  liarth’ (manilc,  crusl and Cryc)spherc).  Wit]] rcspec(

10 an inertial franle, the rc~tation  of the solid llalth has angular vclc)city  m,(r), i = 1, 2, 3.

All components of M, vary with time as a consequence c)f clynamical interactions

bctwccn  the atmosphere anti the underlying planet, which produce nle:isllrablc

fluctuaticms in cl+. It is customary to write

(0,(/)=  ((l)l(r), (1)2(1), (l+(/))= qm,(l), n/2(1),1 +)?/3(1)), (A3)

where f> = 7.292115 x 10-5 radians pcr SC.CCJIICI  is the mean angular spcc(i of sidereal

rotation of the solid liar[h in recent times. Ovel time scales that arc shor( compared with
24



. .
J

March 1 S. 1996

t}Iosc c)f geological processes, the magnituc]cs of the dimensionless quan(i~ies  m 1(~). mj(f)

and m3(t) are all very much less than unity.  so that for the purpose of cictcrminin: M,

from mcteoro]ogical  data using equations (A2), it is sufficient to set nl i = O. so tha{ COj =

(o, 0, J-2).

The non-zero  metcorologica]  contribu~ions  to ~~~i  (t) are, of course. important in the

Study of fJUCt UatiOns in the Earlh’s rotatioll.  If 1.1 (i E- 1 , 2, 3), is the net torque il~tillg  On

the Iiarih’s  atmosphere then

L, = (/M, ldI == M, -k C.ijio))lk,

where d Mi / dt and fi, arc the time rates of change  M, in

rotating frame respectively. When ~~ = (O, (), f)) WC have

(A4)

an inertial frame ancl in the

~ =+ -L2h42,1q ai42--QM2,1q=z  M3 (AS)

1[ is WC1l known that I.i cannot be determined as accurately as M, from surface (Irilg and

pressure force dctcrrllijlations, o w i n g  t o  limiled mcasurcmcnts,  ~>[iritlllcteriz,i]tioll

difficulties,  and t}lc }Iigh dc.grec of c:inccllation  involvcc]. But it can be detcrrnincd

llldll~Ct]y  W]th llscflll  accuJacy  frC)lll  mass aJld ~’llld  observiitlons” at a]] ]cvC]S Wlthln the

atnmspherc  by using  tllc expressions given by equa[ions  (A4) [White, 199J and 1993;

Sa]slcill  and RoscJl, ] 994]. q’hroug]l  (]IC action Of z/i,  [irlgll]:ir  JllOIllCIltLllN  1S CXChat)ged

bac’k :ind forth bctwt!cJl  the atmosphere aJId the underlying p]:tnct, the surface of which is

subjected by (he atmosphere to an applic.d torque ecjua]  to - I.i.  Most of the angular

momentum exchanged, w})ich in magnitude cari bc ii considcmblc  frvuaion of that of M,”,

goes Into the massive solid l;ardl, whose rnolncnt  of inertia is some IOt’ times (hat of the

:it Jnosphere.  This  prod  L1ccs (a) tiny but lllCa SLlrabJC changes in t})c ]crlgtb of the day
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A(t) == AO /(1 + mJt)), whcrz A. z ?n/1>, (A6a)

as well as (b) movements of the poles of the instantanccms  axis of rotation of the solid

I;arth relative to its axis of figure, as spccifled  by the qLlantity

m(l)=+ ml(f)+  i m2(r) (A(h)

where i = v’– 1). See equation (A3). Indeed, the strongesl  torques acting on the solid l;arth

arc generated by atmospheric motions, whit.]1 produce easily clctcctablc  changes in A of

up to about 1 ms in magnitude (corresponding to change in lmil of aboLlt  10-8)  and

. displacements of the pole of rotation of several rnetrcs (corresponding to changes in Iml

of abollt 1 o-~’). .

The torqLlc –Ii produced by atmospheric motions on the underlying planet is dLlc

[o (a) tangential stresses in the turbulent boundary layers over the continents an(i oceans,

and (b) normal stresses acting on orography and the F:arth’s equatorial bLllgc.  Owing to

the rigidity (albeit slightly imperfect) of the solid Earth, all (hrcc components of the

‘continental’ part of –Li arc transmitted to the solid Earth directly ancl fully. 3’llc oceanic

par[ of -I, i gives rise to a dynamical response in tllc oceans which requires further

invcs~igation,  but the case when the whole of the applied [orc]ur  is assumed  to he passed

on by the oceans to the solicl  Iiarih vir~Llally  itlst:ltlt:ir~co~]sly  can be t:iiwn as realistic for

most practical pLlrposes,  particLllarly when [icaling  with ttlc axial component of - 2+ anti

the changes in A that it prodLlccs [Pontc,  1990]. “1’bus,  the oceans act as an intcrmcciiary  in

the angLllar  nlomenlLlnl exchange process, by transmitting the applied stresses in the

atmospheric boundary layer over the occ:ins to the continental margins anti ocean bottom,

It is a convenient circumstance tha[, owins, to the slowness and scales of ocean cLlrrcnts in

comparison with atmospilcric  winds, in the budget of ang Lllar momentum bctwccn  the

solid liarth and its overlying flLli(i layers, ti]c hydrosJ>hcrc  (in spite of its much greater
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moment of inertia than that of the atmosphere, by a factor of about 300) produces effects

which can be neglected to a first approximation.

In the theory of the interactions between the atmosphere and underlying planet

that give rise to fluctuations in h4i, the analysis is facilitated by using in place of hf: the

dimensionless AAM functions ~, i = 1, 2, 3, (see Barnes et al., 1983). They can be

defined as follows:

n12 n12

-rLr2 -7(/2

and

(A7)

(A8a)

(A8b)

(A9)

In these expressions, (@, A) denote latitude and longitude respectively, p~(~, A, r) is the

surface pressure and u ( ~, A. p, r) and v (@, A, p, Z) are the eastward and northward

components respectively of the wind velocity at pressure level p. We take R = 6.3674 x

106 m for the mean radius of the solid Earth, f> = 7.292115 x 10-5 rad s-l for its mean

rotation rate, g = 9.810 m S-2 for the mean acceleration due to gravity, C = 8.0376 x 10~7
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kg mz for the polar moment of inertia of the whole Earth, (C-A) = 2.610 x 10?s kS m~

where A is the corresponding equatorial moment of inertia. and Cnl = 7.1236 x 10~7 kg nl~

is the polar moment of inertia of the Earth’s mantle and crust. The coefficients 1.098.

1.5913, 0.-?53, and 0.998 incorporate the sc)-called ‘Love number’ corrections. which

allow for concomitant meteorologically-induced tiny but dynamically significant changes

in the inertia tensor of the slightly deformable solid Ear~h, using  the most up-to-date

geophysical data (see Eubanks, 1993). The dimensionless pseudo-vector X; is related to

the AAM vector Mi, with the equatorial components (xl, X2) and ( M,, Mz ) scaled

differently from the axial components X3 and Ml . Routine determinations of X; have been

made for several years at several meteorological centers (using older values of the “Love

number” corrections, namely 1.00, 1.43, 0.70 and 1.00 respectively in place of 1.098.

1.5913,0.753 and 0.998, Cnt in place of ~ and A,,j in place of A in equations (A8)).

Any change in Ml is accompanied by an equal and opposite change in the axial

component of the angular momentum of the solid Earth (since the fluctuations in the

azimuthal motion of the underlying liquid core of moment of inertia -0.1 C are effectively

decoupled from those of the solid Earth on the short time scales with which we are

concerned here). In terms of the dimensionless quantities m3 and ~~ this can be expressed

a$

n-13+ x3=o (A IO)

where m 3(1. ) and X3(to) are constants of integration equal respectively to ml and xl at

some initial instant ( = to. The dominant contribution to fluctuations in X3 comes from [he

‘wind’ term ~ ~, which depends on the distribution in the meridional plane of the average
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with respect to longitude A of the eastward (\\rcsterly)  wind speed. If one considers on]!

[he wind contribution, equation (A7) for the axial conlponeIlt  simplifies to

in which case M~ , the axial atmospheric angular momentum, reduces to
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LEGENDS FOR FIGURES

Figure 1. Time series of irregular fluctuations in the length  of the ciay (1011) from 1963

to 1992 (curve a) and ils decadal, interannual, seasonal, and intraseasonal components

(curves b, c, d and e, respectively). ‘1’hc decadal  (curve b) component largely  reflects

angular rnomcnturm exchange between the solid Earth and the underlying liquid metallic

outer core produced by torques acting at the core-mantle boundary. ~’he other

components (curves c, d and e) largely reflect angular n~ornenlum exchange between the

atmosphere and [he solid Earth, produced by torques (proportional to the time-dcriv:ttivc

of the 1.01) time series) acting directly on the solid Earth over continental regions of the

Iiarth’s surface and indirectly over oceanic regions (adapted from Iiide and IJickey,

1991).

l~igure  2. The axial component of atmospheric angular momentum (M}i’),  detcrmi]~cd

from the monthly standarcl output for 23 Ah411’ models which extends up to the 50 mb

level (solid lines). The dashed and dotted l]ncs (repeated in each panel) show respectively

M~~’ clctcrmined  from the operational NMC analysis for the AMIP decade. and p,loba]

angular momentum fluctuations inferred  flom geodetic data (a quadratic offset hits been

]“enloved  from the geodetic 1.01) dc[ermina[ions to accounl  for’ core-mantle effects).

cnlsLl ( equ iva len t  mi

0.67 X ] 020 kg n12 S ‘1 .

1

Iisccond  unit) of axial angular moment corresponds o

l;igure  3. Mean value of the relative angular momentum of the atmosphere bctwccn  1000

anti 50 mb during the decade. 1979-8S for each of 23 models. At t}le right arc plotted the

median and the upper and lower quartiles of the distribution of model values, with the.

length of the ver[ical Iinc connecting the lasf two depicting the interquarlilc rall~c. “1’hc

3“1
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dashed IIJIC indicates the value observed for the same. decade based  cm Nh4C Opcra[iorii]l

analyses.

Figure 4a. Meridional cross scc(ion of the average value of the z.onal-mean vana] wind

observed during the decade 1979-88 based  on NMC operational analyses. Standard

pressure Icvc]s marked alorlg the ordinate correspond to (he vertical distribution of [hc

archived analyses. Shaded values am negative (easterlies). The global-nmm  value of the

[u] field shown here is 6.8 ins-i.

Figure 4b. h4eridional  cross sections of (IIC average value clf the zonal-mean 7.onal  wind

during the decade 1979-88 for four selected models minus the obscrveci  v:ili]c from

Figure 4a. In the left column are the models with the two largest v:ilues of M’i’ in l;igure

3; (he right column contains the models with the two sm:illcst values of M’t’ in f;igtlrc 3.

Negative values are shaded.

I:igure 5. Mcridiona]  cross section of the average value of (hc z.onal-mean z.onal  wind

during the dcc:idc 1979-88 for the G1.A model minus the observed value from l:igurc  4a.

Negative values are shaded.

l:igurc  6. ‘1’he three leading empirical orthogonal functions (l; O};s) of the covariance

matrix formed from the 23 model time series of the difference between the decadal-nman

moclcl value of the rc]ativc angular momentum in e:ich  of 46 equal-area belts (m})’”) and

the o b s e r v e d  v a l u e .  ~’he eigenvcctor  on t h e .  left i s  p]ottcd  in Llll Jts of

1024 kg n12s  -1. The weight contributed by each ]nocte.]  to each of the I;OFS is given on the

right in nondimensional, normaliz,cd  units; the nmdc]s arc shown in the same scc~ucncc  as

in I;igurc  3. Tl)c percent of the variance i]) all the moclel’s  belt nlomcntum biases

cxplainec]  by e.ac}l  lX1l: is :i]so shown.
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Figure 7. The median among the 23 mock] values of the relative  angular momentum of

the atmosphere between 1000 and 50 mb for each composite calendar month of 1979-88

(solid line), along with the upper and IOWCJ  quariilcs  of the distribution of model values

for each composite month. The dashed line indicates the observed composi~c  monthly

v:ilucs,  based  on NM~ opcra~ional  an:ilyscs. The ctccacial  mean of the scl-ies  10] each

nmdcl  and for the observations has been removed prior to generating these results.

l:igure  8. ‘l’he first two empirical orthogonal functions of the covariancc matrix formed “

from the 23 models’ time series of their composite monthly values of A4’t’ minus the

observed value. The eigenvector  on the. left is plottccl in units of 1024 kg mzs -1. ‘1’be

weight contributed by each model to each of the modes is given on the ri~bl in

llorlclil~~el~sional,  norma]i?.ed  units; the models are shown in the same sequence as in

1 ‘igurc 3. The percent of the variance in all the models’ seasonal errors explained by each

mode  is also shown.

l;igure  9. At hot[om,  the standard deviation of the twelve composite c:ilcJIcl;ir-J~]cJI~tlI

mciins  during 1979-88 of the relative angular momentum of the atnmspherc  between

1000 an(i 50 mb (i14’”) for cac}l of 23 models. “1’o the rigb[ on Ihc same scale arc plot[ed

[}]c median and the upper  and lower quartiles of the distribution of model val Lies. “1’hc

dashed line inc]icatcs the value observed fol the s~ime dccadc baseci  on NMC operational

:inalyses.  At top, the correlation cocfflcicnt (scale on rig, }~t) bctwccn each moricl’s series

of composite monthly M}” values and tbc obscr-vcd series.

I:igurc IO(a). The variance obscrvc(i  in [be composite c:ilel~(i:il--ll~(JI~tll  value.s of [he

relative angular momentum in each of 46 equal-area belts (nl 1~’”),  basc~i on NMC

opcr:itioll:il an:ilyses  for 1979-1988. (b). ‘1’he meciian  :irnong the 23 model values of the
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variance in the difference between a model’s composite monthly mean series of n~j)’”  and

the observed m t~}~’ series, along with the upper and lower quartiles of the distribution of

the 23 model values of this error variance for each belt. (c). The median  among the ?3

model values of the covariance between the seasonal errors 111 a mode}’s series of nlll}”

(i.e., the difference between its composite monthly mean series of n~~,””  and the ohscrved

)1 \erlcs)  arid I}lc seasolla] errors in its series of M“ (i. e., the difference between ~}~~nl~)  .

model’s composite monthly mean series of M}*’  and the observed M}” series), dividrd by

the variance in the difference bctwccn  the model’s composite monthly mean series of A4)I’

and the observed M’” series. Also plc)tted arc the upper and lower quartiles of the

distribution of the 23 mode] values  of this fractional error covariance for each belt.

}~igurc 11. As in Figure 7. but for the intcrannua] component of the relative :lngl)li]~

momentum of the atmosphere bet wccn 1000 and 50 mb (M ‘}’) formed by avcriiging

monthly values of W{’ in each of 40 scascms  during  1979-1988 and subtracting from this

series the dccaclal  mean SCiiSOnal  cycle.

J;igure 12. As in Figure 9, but for the intcrann~la] component of the relative tin~tlliil

nmmcntum of the atrnosp}lcre  bclwccn 1000 and 50 mb (h4W’) formed by :Ivcriigins

n]onthly  values of M)” in each of 40 seasons during  1979-1988 and subtracting from this

series the. dccadal mean S~:lSOniil  cycle.

l;igure 13. (a) As in Figure 10 a and b, hut for the in[crannual  component of the relative

ang, ular momentum in each of 4C) cqua)-area belts ( VIIJ}l’) formed by :ivcraging  mcmt }]1 y

Viilllcs  of ~111)~~’ 111 eac~l  of 40 sc;~sons  dllring 1979- ]988 and sub[ractinp, from this series

the dccadal mean seasonal cycle. (b) As ill }:igure  10c, but for the ]ntcr:inn[)iil component.
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List of AMIP Models inter’compared in this study together with an
indication of thcil pcrforn~ancc*

—.— _——. —

“ ])ccadal sea- lnler-
hfiean sr)nal an nu a I

G, q— . - . -—
IMRC Rureau  of Meteorology Research Centle  (Australia) \ \ \—.. — _—.. _—
::(X: Canadian Centre  for Climate Research \’ ~ <

— .
;NRM Centre National de Rccherchcs  MFt60rologique.s  (France) —-. \~ \/

— - — . —-..—
311?() Commonwealth Scientific ancl lnctustrial  Research 0rgani7.ation < \l .

(Australia)—— — .—.
)IiRIJ l)ynamical Extended-Range Forecasting (at GFI)l.) xi \/

+
—-. . . .—-. —

I )NM Department of Numerical Mathematics (of the Russian Academy ‘
of Sciences) —. + -—

..— — ..,. —
[KMWF l\uropcan  Centrc  for Mectiunl-Range Weather Forecasts j d——.—. —.-— . — . .
61’111. Geophysical Fluid l)ynamics laboratory v + 4

— — . .-. —— —-—
61 .A Goddard 1.aboratory for Atmospheres, NASA d J d

— .  ..- -——.—. — ..— — — .
[;s1’(: Goddard Space Flight ~cnter,  NASA 4 \/ .

-— ..— —.
IMA lapan Mcrcorological  Agency \~ + 4-

—.— —— — . —. —-— —-—
MGO Main Geophysical observatory, RLlssia \/ + d

_—— —.——.——.. —
Ml’] M:ix-]’laT~ck-ll~stitllt  fiir Mcmorolop,ie,  Ckrminy d - +
——..— ._— —. .—
MRI Me.teoro]ogical  Research lnstitLite,  ]a])an d d -

— . —.. —_. -——.——
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